Braided DNAs are significant structural intermediates in cellular processes, yet little has been experimentally demonstrated about their higher-order structure and twisting torques. We use magnetic tweezers to measure braid extensions at forces ranging from 0.3 to 8 piconewtons, and then apply a thermodynamic Maxwell relation to calculate the torque. Experimentally inferred torques in unbuckled braids take on values up to 76 pNꞏnm, which depends on force, and inter-tether distance. As predicted using a statistical mechanical model, the twist modulus of the braids increases with catenation prior to buckling or formation of plectoneme, and is comparable to that of single DNA.
Millimeter-to centimeter-long double helical DNA molecules are known to form supercoils in the micron-sized cell [1, 2] . The intertwining of two DNAs is frequently encountered in replication, recombination, and chromatid segregation [3] [4] [5] . An example of such intertwining occurs during replication where DNA strands are duplicated following the chiral double helix, resulting in rotational motions and torsional strains [6] : the two DNAs intertwine around each other to form a "braid" structure.
We note that while not braids in the strict mathematical sense of the term, these 2-ply structures studied here have been conventionally called braids in the DNA micromanipulation literature [7] .
Torque is a key physical parameter involved in DNA organization, affecting activities of enzymes such as topoisomerases, recombinases and polymerases [4, [8] [9] [10] [11] , and serving as a key mechanical regulator in a multitude of cellular processes. For example, a resisting torque was shown to slow down and even stop transcription by RNA polymerase [12] . The torque in individual double-helix DNAs has been studied using single molecule techniques such as optical [13] [14] [15] and magnetic tweezers [16, 17] .
The twist modulus and phase transition-like behaviors of single DNAs have also been described by theoretical studies [18, 19] , in good accord with experiments. However, the torque in a double-DNA braid has never been measured experimentally.
The relation between extension and catenation of braided DNAs has been studied using magnetic tweezers (MT) under a few forces [3, 20] , though systematic studies over a broad range of forces have not been carried out. A model proposed by Kornyshev and Leikin suggests that left-handed DNA braids may undergo "collapse" and behave differently from right-handed DNA braids [21] [22] [23] , and an electrically charged semi-flexible polymer model predicted a symmetry between positive and negative DNA braids of physiologically relevant braiding density [24] . However, the predictions of these models remain not fully experimentally explored. A further, biophysical question is that whether braided DNAs have a critical buckling condition, which may relate to the phase coexistence phenomena observed for twisting and stretching a single DNA helix [18] . However, it is challenging to measure large numbers of DNA braids in a single experimental flow cell, as the numbers of DNA braids in a given experiment is typically much fewer than that of single DNAs [25] .
It is known that structures of intertwined DNA molecules affect activities and functions of braidinteracting proteins. Efforts have been made to study DNA coil-coil and RNA coil-coil structures by Xray crystallography, but only tens of base pairs could be resolved [26] . Previous studies have indicated that at high catenation numbers, twisted DNA braids undergo a mechanical instability, likely resulting in the formation of plectonemic-braided structures. Theoretical work has predicted the critical braid torque [23] at this instability, but this has not yet been measured.
In this letter, the relationship between the extension and catenation density was systematically measured with holding forces ranging from 0.3 to 8 pN, which are within the physiological range. We used 5.9 kb DNA fragments derived from mM502, 48.5 kb lambda phage DNA, and 6 kb linear fragments derived from plasmids pFOS1, via PCR reactions using biotin-and digoxigenin-labeled primers [3] [4] . The labeled DNA strands were incubated and bound with one end to streptavidin-coated paramagnetic beads of which the diameter was 1 or 2.8 µm (Dynabeads), and with the other end to an anti-digoxigenin coated glass surface. All experiments were performed in the phosphate-buffered saline (PBS) containing 150 mM NaCl and 0.5 mg/ml bovine serum albumin (BSA), and at room temperature (~25 °C). We put this DNA sample onto the MT to stretch the microbeads and rotated them to braid the two DNA molecules as previously described [3] .
Tethers in the flow cell were tested for appropriate force-extension behaviors and selected. Braid extension measured under zero catenation at various forces displayed wormlike chain behavior with a persistence length of Aeff  25 nm, or about half that of the A = 50 nm characteristic of a single DNA molecule. This follows from the fact that the braids at zero catenation are two parallel DNA molecules, and when stretched one sees twice the usual spring constant [7, 29] . We also used the condition wherein the spring constant was double that of a single DNA to distinguish a braid among the experimental samples which contain multiple DNA tethers that would feature effective persistence length less than a half of a single DNA.
At each stretching force, the two DNA molecules were braided around each other by rotating the magnets in a clock-wise ( Figure 1b-d ) or counter-clockwise direction. By changing the Ca from 0 to ±1/2, the extension z exhibited a sharp drop. When the Ca was above 1/2, the extension decreased gradually when the molecules were further catenated ( Figure 1g ). The extension data points at each force were fit by a 2 nd order polynomial function:
At higher values of catenation, the extension decreased almost linearly and were off the polynomial line ( Figure 2a ). Different DNA extensions were normalized to a relative extension and catenation was normalized to the catenation density ( ) using the total DNA linking number: =Ca h / L, where h=3.6
nm is the DNA helix repeat and L is the total DNA contour length. For example, the value of at Ca=56 was 0.997 for the mM502 fragment of which the contour length (L) was 1.97 μm. The force-extension relations for positive and negative Ca were found to be symmetric about Ca=0 (Figure 1f We calculated the change of torque using a thermodynamic Maxwell relation. For braids in the buffer, the differential of the thermodynamic potential E can be described in terms of the Gibbs isotherm [27] :
For the f-z measurements at fixed θ in an equilibrium state, the change in torque τ can be obtained by integration as the force increases from f0 to f [16, 27] :
Here df is the difference between adjacent forces, the rotational angle θ=2πCa. (Figures 3 and 4) .
The twist or torsional modulus C was calculated using the equation
where kB is the Boltzmann constant, T is the absolute temperature, and Lk0 is the linking number of the DNA [15, 16] .
The modulus from the experimental data increased with the catenation until it reached a peak ( Figures   3c and 4c ). For the three braids of different intertether distances (Figure 2b-d) , the peak values of C at 2 pN were 73.6, 93.4, and 110.2 nm, respectively (Figure 4c ). For the same braid in Figure 2b but at different forces, the peak values of C were found to be 67.2 nm at 1 pN, 94.5 nm at 2 pN, 121.4 nm at 3 pN, and 154.5 nm at 6 pN (Figure 3c ).
The theoretical twist modulus of DNA braids was also obtained from the derivative of the torque as a function of catenation (Figures 3e and 4e ). The twist modulus increased with catenation and exhibited a "twist-stiffening" behavior [24] , suggesting that the braids with a higher linear density of catenation had a stiffer twist response. The modulus is expected to scale approximately as the quadratic power of catenation (~Ca 2 ), which is derived from a cubic torque and a quartic free energy. Note that the modulus is symmetric with respect to a sign change in Ca, suggesting similar stiffness in positively and negatively catenated braids. This behavior arises from the symmetry in the free energy of braid with respect to positive and negative catenations that generates extension curves which also have this mirror-symmetry with respect to Ca. The twist modulus decreased after the braid buckled (Figures 3e and 4e ), suggesting the loss of twist rigidity in a buckled braid due to the absorption of excessive catenation via writhing of the braid into buckled plectoneme domains.
Twist stiffening response was stronger for braids of larger intertether distances than that for braids of small and mid intertether distances (Figure 4e ). Braids with a larger intertether distance had larger end regions and consequently a smaller helically wrapped region. As a result, for a given catenation, the braids with a larger intertether distance would possess a higher linear density of catenation, leading to a steeper increase in torque with catenation.
The torque acting between two catenated DNAs was measured. Our results show that the torque increased with the catenation until reaching a plateau at the buckling point. The buckling torques of the braids were from 20 to 58 pNꞏnm, whereas the buckling torques of the single DNAs subject to twisting were up to 30 pNꞏnm [15, 16] : the buckling torques for braids are comparable to, but somewhat larger than, single DNAs. The twist modulus of single DNA molecules is nearly constant with catenation at constant force [15, 16] . By contrast, for DNA braids, we find that braid twist modulus increases with catenation before reaching the buckling point: this effect is theoretically expected [24] due to the gradual tightening of the braid, which generates an approximately Ca 4 free energy density increase (plus lower-Ca-power corrections) due to confinement of wormlike chain bending fluctuations. A quantitatively similar behavior is seen in the experimental results, in the nonlinear increase in torque and corresponding increase in torsional modulus with catenation (Figures 3c and 4c ). The modulus then decreases after buckling, theoretically expected due to the emergence of buckled domains that can absorb catenation in form of plectoneme writhe [24] .
Overall, our experimental results agree well with theoretical calculation using the polymer model, although the experimental buckling points for braids of mid and large intertether distances (Figure 4b) slightly deviated from those predicted by theoretical modeling based on established models of DNA polymer statistical mechanics (Figure 4e ). Recent work using an oscillating MT method estimated braid torques to be ~500 pNꞏnm, much larger than the torques reported here. This difference may be due to the large intertether distances, or the intrinsically non-equilibrium nature of the oscillating MT approach [32] .
The rich dynamics of supercoiling of a single DNA molecule has been observed using single molecule fluorescent techniques [33] , which observed highly dynamic and stochastic motions of small, supercoiled domains. Direct experimental investigation of braid dynamics is lacking, however, simulations studying plectoneme braids have observed dynamic features such as diffusion and hopping of plectoneme domains [34] . It has been observed that mechanical properties of the braid depend on temperature and salt condition [35] . On theoretical grounds it has been predicted that highly twisted braids should tend to form smaller plectonemic domains than supercoiled single DNAs due to the greater bulk (cross-sectional area) of braided DNAs [24] . Our experimental reports of the buckling dynamics of braid shave indirectly observed the effects of multiple small domains [31] . Future experiments using fluorescence visualization of braid supercoiling would be desirable to allow direct observation of the size and dynamics of braid-plectoneme domains.
The dependence of braid properties on physiochemical factors, along with the general differences between the braids and single DNAs, may influence cellular functions or the interactions between proteins and DNAs during replication, repair, and recombination, processes where interwound double helicies of the sort studied here can be expected to arise. A key question is how DNA with bound proteins, as will be found in vivo, will behave during interwinding, and to quantitatively establish how torque built up in DNA braids affects interwinding-acting enzymes including DNA-bending proteins [28, 35] , polymerases, topoisomerases [36] [37] [38] , recombinases [3, 4] , and SMC complexes [39] . 
